












































dock,	dandelion,	 twitch,	white	clover	and	 ryegrass	 invade	 the	 resident	 lucerne.	Existing	





and	 rate	 for	 the	 use	 of	 glyphosate	 in	 an	 8	 year	 old	 lucerne	 stand,	 by	 quantifying	 the	
phytotoxicity	effects	of	glyphosate	on	lucerne	and	the	target	weed	species.		Experiment	1	
was	 topped	 to	 remove	 herbage	 on	 the	 4/4/2019,	 with	 the	 glyphosate	 applied	 on	 the	
29/4/2019.	 The	 delay	 between	herbage	 removal	 and	herbicide	 application	 allowed	 the	
regrowth	of	plant	herbage	(kg	DM/ha).	Thus,	the	application	of	herbicide	was	onto	actively	
growing	plants	in	Experiment	1	which	increased	effects	of	phytotoxicity	on	the	lucerne	and	
reduced	 its	 yield.	 Target	 weed	 species	 were	 suppressed,	 particularly	 by	 the	 2	 L/ha	
treatment.		However,	the	suppression	of	twitch,	dock	and	clover	was	temporary	however.	
Experiment	2	was	topped	on	the	31/5/2019	and	the	glyphosate	applied	on	the	6/6/2019.	
Minimal	 lucerne	phytotoxicity	occurred,	due	to	 its	dormancy	and	the	 low	proportion	of	
green	leaf	present	on	the	stand	at	the	time	of	application.	Sufficient	weed	suppression	was	
achieved	of	all	plant	species,	particularly	 from	the	2	L/ha	 treatment	which	 reduced	the	
weed	 content	 from	 51%	 to	 17%.	 Experiment	 3	was	 topped	 on	 the	 23/7/2019	 and	 the	
herbicide	was	applied	on	the	24/7/2019.	Severe	phytotoxicity	effects	were	observed	on	all	







atrazine	 to	 the	 glyphosate	 to	 control	 opportunistic	 spring	 annuals	 requires	 further	
investigation.	












































































































Figure	2.3	Lucerne	and	subterranean	clover	seed	 imports	 to	New	Zealand	 (Monk	et	al.,	
2016).	...............................................................................................................	13	
Figure	 3.1	 Monthly	 mean	 rainfall	 (a)	 and	 air	 temperature	 (b)	 at	 Iversen	 Field,	 Lincoln	
University,	Canterbury	from	October	2018	to	September	2019.	The	long	term	
means	(-)	are	for	the	period	from	2000-2010.	................................................	17	
Figure	 4.1	 Experiment	 1	 GreenSeeker	 measurements	 recorded	 over	 time.	 The	 four	
glyphosate	application	rates	were	0	(●),	1	(),	2()	and	4	( )	L/ha.	Error	bar	
represents	 the	 least	 significant	 differences	 (lsd)	 at	a=	 0.05	 for	 comparisons	






































Figure	 4.11	 Experiment	 2	 GreenSeeker	 measurements	 recorded	 over	 time.	 The	 four	
glyphosate	application	rates	were	0	(●),	1	(),	2	()	and	4	( )	L/ha.	Error	bar	






























Figure	 4.19	 Experiment	 3	 GreenSeeker	 measurements	 recorded	 over	 time.	 The	 four	
glyphosate	application	rates	were	0	(●),	1	(),	2	()	and	4( )	L/ha.	Error	bar	

























































Appendix	 	 4	 Picture	 of	 Experiment	 1,	 facing	 East	 towards	 the	 Field	 Research	 Centre,	








forages	 fail	 (Langer	 1967;	Wynn-Williams	 1982).	 Lucerne	 has	 an	 erect	 growth	 pattern	
which,	paired	with	frequent	defoliation	of	the	resident	stand,	promotes	growth	of	invasive	
weed	species.	This	periodic	defoliation	exposes	a	bare	soil	surface	which	encourages	the	





most	 winter	 active	 annual	 species	 and	 spring	 weeds.	 However,	 these	 chemicals	 are	
expensive,	and	as	the	area	of	lucerne	grown	on	farms	in	New	Zealand	increases,	farmers	
are	 looking	 for	 cheaper	 and	 more	 broad-spectrum	 weed	 control	 options.	 Late	 winter	
applications	of	atrazine	and	paraquat	can	 increase	the	risks	to	 lucerne	as	 late	herbicide	






its	 use	 has	 increased	 over	 100-fold	 (Myers	 et	 al.,	 2016).	 Plants	 exposed	 to	 glyphosate	




survival.	 However,	 glyphosate	 is	 not	 registered	 for	 use	 on	 lucerne	 but	 could	 provide	 a	
means	 of	 controlling	 invasive	 weed	 species	 whilst	 having	 negligible	 effect	 on	 the	
prevalence	 and	 crop	 health	 of	 the	 resident	 lucerne.	 Glyphosate	 has	 been	 observed	 to	





perennial	 rhizomatous	 and	 perennial	 invasive	 species	 including	 brown	 top	 (Agrostis	
capillaris	L.)	and	yarrow	(Achillea	millefolium	L.)	which	the	traditional	contact	and	residual	
herbicides	 such	 as	 paraquat	 and	 atrazine	 fail	 to	 control	 (Young,	 2010).	 	 New	 Zealand	
legislation	prevents	the	importation	of	glyphosate	tolerant	lucerne	cultivars.	This	contrasts	
with	 the	 USA	 where	 glyphosate	 efficacy	 to	 control	 weed	 species	 has	 led	 to	 genetic	
development	 of	 glyphosate	 tolerant	 lucerne	 stands	 (Bouton	 2012).	 Therefore,	 any	
recommendations	 to	 use	 glyphosate	 in	 New	 Zealand	 must	 use	 on-farm	 management	
practices	 and	 knowledge	 of	 chemical	 translocatability	 to	 eliminate	 risks	 of	 lucerne	
phytotoxicity	effects	following	its	application.	
1.1 Aims	and	Objectives	
The	aim	of	this	research	 is	 to	determine	the	potential	 to	utilise	glyphosate	to	eliminate	












and	 broadleaf	 weeds.	 A	 review	 of	 relevant	 literature	 is	 presented	which	 discusses	 the	


















annual	 and	 perennial	 grass	 and	 broadleaf	 weed	 varieties.	 Examples	 of	 these	 include	
summer	annuals	such	as	wireweed	(Polygonum	aviculare),	fathen	(Chenopodium	album),	
shepherds	 purse	 (Capsella	 bursapstoris)	 and	 nightshade	 (Solanum	 nigrum)	 which	 are	
















weeds,	and	 therefore	 the	percentage	of	weed	content	 in	a	 lucerne	 stand	 in	 summer	 is	
reduced.	 However,	 due	 to	 the	 reduced	 growth	 of	 lucerne	 in	 winter	 from	 lower	
temperatures	 and	 shorter	 days	 (Moot	 et	 al.,	 2003),	 winter	 annual	 weeds	 have	 lower	
competition	from	the	lucerne	plant	and	therefore	are	a	greater	percentage	in	the	lucerne	











Palmer	 (1982)	described	 the	weed	process	post	 sowing	as	 lucerne	plus	 summer	annual	
weeds,	to	lucerne	plus	winter	annual	weeds.	This	is	followed	by	pure	lucerne	in	summer	

















is	 the	most	highly	acutely	 toxic	weed	killer	primarily	 for	weed	and	grass	 control,	 killing	
green	plant	tissue	on	contact	and	becoming	biologically	inactive	when	it	hits	soil	(Linscott	
et	 al.,	 1969).	 A	 common	 trade	 name	 for	 paraquat	 is	 Gramoxone,	 manufactured	 by	
Syngenta.	The	mode	of	action	of	paraquat	is	through	absorption	by	the	foliage	of	plants.	
Dinis-Oliveira	et	al.,	(2006)	described	how	paraquat	disrupts	photosynthesis	which	allows	




moderately	 toxic.	 Paraquat	 poisoning	 is	 possible	 from	 skin	 exposure,	 inhalation	 or	
consumption,	particularly	from	long	exposures	of	concentrated	paraquat,	or	if	it	enters	the	
body	 from	 broken	 skin	 e.g	 cuts	 or	 grazes.	 The	 level	 of	 poisoning	 from	 paraquat	 is	
determined	by	the	amount	and	duration	of	exposure,	with	corrosive	penetration	through	




from	the	extensive	damage	 to	 the	mitochondria	of	 cells,	with	as	 little	as	a	 teaspoon	of	
concentrated	paraquat	able	to	result	in	death	(Watts,	2011).		
From	an	environmental	perspective,	paraquat	poses	a	 risk	 to	 the	health	of	aquatic	and	
terrestrial	 organisms.	 The	 Environmental	 Risk	 Management	 Authority	 of	 New	 Zealand	
described	paraquat	as	“very	ecotoxic	to	the	aquatic	environment”.	Various	studies	carried	
out	on	fish,	rats,	rabbits	and	birds	concluded	paraquat	ranged	from	acute	to	chronic	toxicity	




dirt	or	 contamination)	 to	avoid	adsorption	of	 the	paraquat	before	application	onto	 the	
target	vegetation	(Beef	+Lamb	NZ,	2017).		Water	contamination	may	however	occur	due	




UK	compared	 to	 the	dryer	climate	of	 the	USA.	Many	 factors	 influence	 the	half	 life	of	a	
pesticide,	 including	 microbial	 activity,	 sunlight	 and	 water	 (Ney,	 1995).	 	 Therefore,	 the	
increased	 rainfall	 typically	 of	 the	 UK	 could	 increase	 the	 nutrient	 cycling	 in	 the	 soil,	
consequently	reducing	the	half	life	of	paraquat	in	the	soil.	In	relation	to	New	Zealand,	the	
UK	 climate	 could	be	 compared	 to	 the	West	 coast	of	New	Zealand,	which	 receives	high	

















3100	kg/ha	 in	 the	5	year	old	 stand	and	3700	kg/ha	 in	 the	4	year	old	 stand.	 It	was	also	
concluded	that	applications	at	0.28	kg/ha	were	sufficient	to	control	grasses	and	broadleaf	
weeds	when	 applied	 in	 early	 spring,	 and	 that	 lucerne	 yield	was	 greater	 post	 herbicide	
application	compared	with	non-treated	plots	(Table	1).		
Table	1.0	Lucerne	 yields	 at	 first	 harvest	 following	paraquat	 treatments	 applied	 in	 early	
spring	on	a	5	(Griffin)	and	4	(Eatonton)	year	old	lucerne	stand.	Application	rate	
is	kg	of	active	ingredient	per	hectare	(Smith,	1991).	
Treatment	 Rate	(kg/ha)	 Griffin	(kg/ha)	 Eatonton	(kg/ha)	
Paraquat	 0.28	 2800	 2800	




Non-treated	 	 1800	 2100	





(Stellaria	media),	 shepherds	 purse,	 plantain	 (Plantago	major),	 dock,	 dandelion	 and	 red	
clover	(Trifolium	pratense).	The	lucerne	stands	averaged	between	3-8	cm	tall	at	paraquat	
application	 date,	 with	 the	 weeds	 species	 being	 a	 similar	 height	 to	 this.	 Paraquat	 was	















Lincoln	 University,	 New	 Zealand.	 Measurements	 were	 taken	 of	 winter	 management	






the	 sprayed	crops	were	weed-free	and	consequently	yielded	 less	 than	 the	non-sprayed	
crops	with	only	2.4	t	DM/ha.	However,	it	was	reported	that	two	weeks	later	the	crop	cover	



















et	 al.,	 1981).	 Plants	 not	 affected	 by	 atrazine	 application	 absorb	 the	 chemical	 and	
metabolize	 atrazine	 without	 toxic	 consequences	 (Cheremisinoff	 &	 Rosenfeld,	 2010).	
Atrazine	is	recommended	for	the	control	of	broadleaf	and	grassy	weeds	in	a	large	number	
of	 agricultural	 crops	 and	 pastures.	 Paraquat	 is	 reportedly	 responsible	 for	 80%	 of	 the	
lucerne	weed	control	market	either	on	it’s	own,	or	 in	70%	of	cases	 in	combination	with	
Atrazine	(Butler,	1982).	More	current	figures	are	unavailable.	Atrazine	has	been	banned	in	









et	 al.,	 2002).	 Research	 has	 also	 been	 carried	 out	 on	 goats,	 with	 150	 mg	 of	 atrazine	
administered	for	four	days	to	observe	the	chemical’s	effect	on	milk,	urine	and	faeces	(NRA	
for	 Agricultural	 and	 Veterinary	 Chemicals,	 n.d.).	 The	 milk	 tests	 observed	 reasonably	
consistent	residue	values,	regardless	of	dosage	period,	at	approximately	0.38	ppm	and	0.25	






(NRA	 for	 Agricultural	 and	 Veterinary	 Chemicals,	 n.d.)	 is	 unrealistic	 for	 expected	 goat	
consumption.	Provided	the	chemical	recommendations	are	followed,	the	traces	of	atrazine	











Zealand	 lucerne	 stands	 such	 as	 tumble	 mustard	 (Sisymbrium	 altissimum)	 and	 prickly	
lettuce	 (Lactuca	 serriola	 L.).	 The	 atrazine	 was	 applied	 at	 0.45,	 0.9	 and	 1.8	 kg/ha	 to	
established	lucerne	between	2	and	3	years	old.	It	was	observed	that	atrazine	applications	







N-(phosphonomethyl)	 glycine	 (Tu	 et	 al.,	 2001),	 and	when	 applied	 in	 formulations	with	
other	substances,	performs	more	effectively	as	a	weed	killer.	Glyphosate	is	absorbed	by	

















they	 are	 able	 to	 continue	 to	 obtain	 aromatic	 amino	 acids	 from	 their	 diets	 which	 are	
essential	 for	growth.	They	concluded	that	 the	use	of	glyphosate	does	not	have	adverse	
effects	on	the	health	of	other	life	forms.	
	The	United	 States	 (US)	 Environmental	 Protection	Agency	 (EPA)	 classifies	 herbicides	 for	
acute	toxicity	in	four	categories	where	“I”	is	the	most	toxic	and	“IV”	is	the	least	toxic.	Based	
on	oral	rat	tests,	the	EPA	currently	rates	glyphosate	as	a	Category	IV	herbicide	for	slight	
skin	 irritation	 and	 Toxicity	 Category	 III	 for	mild	 eye	 irritation	 (EPA,	 1998;	 Perron	 et	 al.,	
2017).	This	acute	toxicity	category	placement	was	determined	in	1998,	which	in	terms	of	
science	and	developed	research	surrounding	glyphosate,	is	outdated	research.	The	EPA	is	














Hazardous	 Substances	 and	 New	 Organisms	 Act	 1996	 to	 avoid	 compromising	 their	
reputation	by	undermining	public	confidence.	









an	 action	 limit	 of	 0.01	mg/kg	 and	 recorded	 no	 glyphosate	 detections	 above	 this	 limit.	
Perron	et	al.,	(2017)	reported	that	tests	that	analyzed	human	milk	samples	concluded	that	
neither	 glyphosate	 nor	 AMPA	were	 detected	 in	 the	 samples,	with	 the	 glyphosate	 limit	
equaling	10	ppb	and	 the	 limit	 of	 detection	 stated	as	 3.3	ppb.	Conversely,	 an	American	




the	 statistics	 stated	 by	MPI	 (2015,	 2017	&	 2018)	 as	Mercola,	 (2015)	 reviews	American	
grain-fed	cattle,	with	no	data	or	evidence	of	statistical	analysis	to	support	the	claims	stated.	
As	well	as	glyphosate	limits	in	place	for	dairy	produce,	New	Zealand’s	Ministry	of	Primary	
Industries	 also	 classifies	 a	 10	maximum	 residue	 level	 for	 glyphosate	 accepted	 on	 fruit	
produced	nationally.	The	limit	of	0.01	mg/kg	which	is	set	at	or	about	the	limit	of	analytical	













systems	 yet	 it	 accounted	 for	 less	 than	 20%	 of	 the	 land	 area.	 	 This	 conflicts	 with	
recommendations	made	by	White	(1982)	that	40-60%	of	a	dryland	property	should	be	in	
lucerne	 to	 maximise	 lamb	 liveweight	 gain	 and	 increase	 summer	 security.	 Evidently	
successful	incorporation	of	lucerne	has	been	challenging	for	New	Zealand	agriculturalists	
with	potential	reasons	stemming	from	the	increased	management	requirements	and	high	











Lucerne	 seed	 imported	 in	 2015	 was	 recorded	 at	 210	 tonnes	 (Monk	 et	 al.,	 2016).	 This	
equates	to	approximately	25000	ha	of	lucerne	sown	annually	(Monk	et	al.,	2016).		
Understanding	seasonal	growth	patterns	and	requirements	is	vital	to	maintaining	a	pure	
and	 healthy	 lucerne	 stand.	 Ideally	 the	 goal	 of	 the	 farmer	 is	 to	 maximise	 growth	 and	
availability	during	periods	of	high	stock	demand	particularly	throughout	summer.	This	is	
when	 the	 stand	 has	 mobilized	 energy	 from	 the	 roots	 stored	 over	 winter	 for	 node	




management	 practice	 in	 reducing	 lucerne	 leaf	 surface	 area	 likely	 to	 encounter	 the	
herbicide	and	suffer	phytotoxic	effects	of	the	chemicals.	Ideally	farmers	want	to	minimise	
phytotoxicity	 in	 lucerne	post	 spraying	whilst	maximising	 interception	of	 the	 spray	onto	
invasive	weed	species	thus	reducing	inter-specific	competition	with	the	lucerne	in	spring.		
Successful	 future	 integration	 of	 lucerne	 into	 New	 Zealand	 farming	 systems	 is	 heavily	
dependent	on	increasing	understanding	around	lucerne	management.	One	aspect	is	the	
potential	 to	 utilise	 broad	 spectrum,	 inexpensive	 herbicides	 such	 as	 glyphosate	 which	
controls	invasive	weed	species	whilst	having	a	negligible	phytotoxic	effect	on	the	resident	
lucerne	 stand.	 This	 could	 improve	 the	 productivity,	 longevity	 and	 quality	 of	 lucerne	
particularly	 in	 areas	 when	 perennial	 weeds	 have	 invaded.	 If	 ease	 of	 lucerne	 weed	
management	 can	 be	 achieved,	 the	 potential	 incorporation	 into	 New	 Zealand	 farming	
systems	may	be	stimulated.				




treatments	 can	be	 broken	down	 into	 three	plots	 of	 additional	 grazing	 (6	 September,	 2	
October	and	an	ungrazed	hay	crop).	The	trial	contained	subplots	of	four	times	of	herbicide	




































east	 of	 the	 experimental	 site.	 Temperature	 was	 recorded	 from	 data	 recorded	 every	
minute,	with	the	averages	logged	every	hour	(Figure	3.1).		Mean	monthly	air	temperature	






























remained	 in	 the	 sprayer	 after	 each	 treatment	 application.	 Therefore,	 the	 actual	
concentration	 of	 active	 ingredient	 that	 was	 applied	 to	 the	 plots	 was	 determined	 by	







	 Glyphosate	used	 0	L/ha	 1	L/ha	 2	L/ha	 4	L/ha	
Experiment	1:		
29	April	2019	
Synergy	Glyphosate	360	 0	 0.5	 1.3	 3.0	
Experiment	2:			
June	6	2019	
Weedmaster	Glyphosate	540	 0	 0.6	 1.4	 2.3	
Experiment	3:		
24	July	2019	
Synergy	Glyphosate	360		 0	 0.8	 1.5	 3.3	
There	was	a	mixture	of	annual	and	perennial	grass	and	broadleaf	weed	species	present	at	
the	 time	 of	 spraying.	 These	 remained	 in	 the	 unsprayed	 control	 plots	 throughout	 the	
duration	of	the	experiment	but	undulated	population	cover.	The	weeds	included	summer	
annuals	 such	 as	 wireweed	 and	 shepherds	 purse,	winter	 annuals	 such	 as	 subterranean	
clover	and	predominantly	perennial	weeds	including	dock,	the	common	dandelion,	twitch	






GreenSeeker	 measurements	 were	 also	 recorded	 every	 week	 using	 the	 Trimble	
GreenSeeker	handheld	crop	sensor	which	used	optical	sensors	to	measure	and	quantify	













































for	 all	 application	 rates	 with	 a	 mean	 of	 0.40	 ±	 0.03.	 The	 GreenSeeker	 measurements	
deviated	between	application	rates	from	the	second	measurement	on	the	8th	May,	2019.	
At	that	time,	the	control	and	1	L/ha	had	higher	values	in	comparison	with	the	2	and	4	L/ha	









least	 significant	 differences	 (lsd)	 at	 a=	 0.05	 for	 comparisons	 amoung	 herbicide	









26th	 of	 June	 to	 the	 23rd	 of	 August	 between	 0	 and	 1	 L/ha,	 and	 the	 other	 treatments.	
GreenSeeker	means	between	the	2	and	4	L/ha	treatments	were	not	different	throughout	
































































Plant	 species	 including	 twitch	 and	white	 clover	were	present	 randomly	 throughout	 the	
















treatment	 mean	 EWRS	 scores	 returned	 to	 approximately	 1.0-2.0	 by	 the	 end	 of	 the	
experiment.		
The	white	 clover	 from	Experiment	 1	was	not	 analysed	until	 the	 1st	 of	 July	 (Figure	 4.7).	



































from	 the	 visual	 plant	 population	 assessments	 were	 deemed	 an	 inadequate	 form	 of	
measurement	to	estimate	canopy	cover	of	each	plant	species.		








inaccurate	 whereby	 significant	 differences	 in	 lucerne	 plant	 abundance	 and	 density	 is	












Figure	 4.10	 indicated	 variation	 in	 ryegrass	 plant	 population	 (%)	 cover.	 The	 undulating	
ryegrass	yields	observed	from	the	4	L/ha	treatment,	combined	with	the	lack	of	observed	
trends	from	the	control,	1	and	2	L/ha	treatments,	resulted	in	a	coefficient	of	variation	of	






































Figure	 4.11	 Experiment	 2	 GreenSeeker	 measurements	 recorded	 over	 time.	 The	 four	
glyphosate	application	rates	were	0	(●),	1	(),	2	()	and	4	( )	L/ha.	Error	bar	







































to	 4.8	 ±	 0.9	 by	 the	 23rd	 of	 August.	 It	 remained	 constant	 at	 1.3	 ±	 0.9	 from	 the	 12th	 of	





























other	 at	 any	 time	 during	 the	 experiment.	 From	 the	 26th	 of	 June,	 the	 1,	 2	 and	 4	 L/ha	
treatments	increased	to	4.7	±	0.6	by	the	26th	of	July.	At	this	point,	the	herbicide	treatments	
were	higher	(P<0.05)	than	the	control	treatment.	The	herbicide	treatments	decreased	to	












































L/ha	 treatment	 decreased	 to	 3.0	 ±	 0.7	 by	 the	 end	 of	 September,	 and	 was	 different	
(P<0.001)	 from	 the	 control	 treatment,	 1	 and	 2	 L/ha	 treatment.	 The	 1	 L/ha	 treatment	
reduced	during	this	time	to	2.0	±	0.7.		




to	 a	mean	 EWRS	of	 2.0	 ±	 0.3	 on	 the	 12th	 September.	 The	 1	 L/ha	 treatment	 decreased	



































































time	 the	 control	 treatment	 increased	 from	 0.31	 ±	 0.03	 to	 0.62	 ±	 0.03	 by	 the	 final	
measurement	 on	 the	 27th	 of	 September.	 Between	 the	 16th	 of	 August	 and	 the	 27th	 of	
September	the	control	treatment	was	different	(P<0.001)	from	the	herbicide	treatments.		
	
Figure	 4.19	 Experiment	 3	 GreenSeeker	 measurements	 recorded	 over	 time.	 The	 four	
glyphosate	application	rates	were	0	(●),	1	(),	2	()	and	4( )	L/ha.	Error	bar	















each	 plant	 species	 (lucerne,	 ryegrass,	 dandelion,	 dock,	 twitch,	 and	 white	 clover).	 For	
lucerne	all	treatments	had	an	interaction	(P<0.001)	between	herbicide	rate	and	time.	The	
lucerne	under	 the	control	 treatment	 remained	with	an	EWRS	score	of	1.0	±	0.3	 for	 the	
entire	experiment.	The	EWRS	score	of	the	herbicide	treatments	increased	from	1.1	±	0.3	
on	the	30th	of	July	to	4.0	±	0.3	by	the	16th	August.	From	the	16th	of	August,	1	L/ha	increased	











increased	 to	 7.8	 ±	 0.3	 by	 the	 12th	 of	 September	 and	was	 still	 7.0	 ±	 0.3	 on	 the	 27th	 of	
September.		









The	maximum	EWRS	score	 for	 ryegrass	was	9.0	±	0.6	 from	2	and	4	L/ha	on	 the	23rd	of	
August.	 	 The	 1	 L/ha	 treatment	 increased	 to	 6.3	 ±	 0.6	 by	 the	 same	 date.	 All	 herbicide	
treatments	decreased	between	the	23rd	of	August	to	the	12th	of	September.	The	1	L/ha	
decreased	to	2.0	±	0.6,	the	2	L/ha	decreased	to	5.5	±	0.6	but	the	4	L/ha	remained	high	at	














from	4.3	±	0.6	on	 the	23rd	of	August	 to	3.8	±	0.6	by	 the	27th	of	September.	The	2	L/ha	
treatment	 decreased	 from	 6.3	 ±	 0.6	 on	 the	 23rd	 of	 August	 to	 5.8	 ±	 0.6	 by	 the	 27th	 of	
September.	In	contrast	the	4	L/ha	treatment	increased	from	7.5	±	0.6	on	the	23rd	of	August	
to	the	8.0	±	0.6	by	the	final	measurement	on	September	27th.		
The	 dock	 and	 twitch	 EWRS	mean	 scores	 from	 Experiment	 3	 showed	 there	was	 not	 an	


































































































and	 effectiveness	 of	 the	 glyphosate,	 consistent	 with	 the	warmer	weather	 and	 actively	
growing	plants	(Tu	et	al.,	2001).	During	Experiment	1	the	rate	of	glyphosate	effectiveness	

















































June/early	 July,	 and	 similarly	Moot	 et	 al.,	 (2003)	 advises	 spraying	 7-14	 days	 post	 hard	
grazing	in	June	or	early	July.	The	early	application	date	of	Experiment	1	meant	the	plants	
experienced	temperatures	warm	enough	to	support	active	regrowth	of	the	lucerne	stand,	




spraying	 for	Experiment	1	was	11°C,	which	 increased	the	accumulation	of	 thermal	 time	




produced	 from	 the	 stand	 during	 this	 time.	 To	 support	 this,	 calculations	 using	 a	 linear	
regression	estimated	the	lucerne	shoot	dry	matter	between	herbage	removal	(topping)	to	
herbicide	 application,	 using	 the	 shoot	 dry	 matter	 (DM)	 yield	 against	 calculated	
accumulated	thermal	time.	This	was	done	using	a	base	temperature	of	5°C	(Thiebeau	et	
al.,	2011).		
The	 calculated	 thermal	 time	 between	 the	 herbage	 removal	 and	 the	 spray	 date	 for	
Experiment	1	was	320°Cd,	meaning	an	estimated	lucerne	regrowth	of	974	kg	DM/ha/°Cd	













dry	 matter	 yield	 (kg	 DM/ha)	 for	 all	 herbicide	 treatments	 compared	 with	 the	 control	
treatment	(Figure	4.8).	This	lead	to	greater	bare	ground	exposure	due	to	the	stand	thinning	
out,	and	therefore	enabled	the	invasion	of	spring	annuals	at	the	start	of	September.		






































limited	 data	 analysis.	 However,	 the	 white	 clover	 was	 not	 effectively	 removed	 by	 the	
glyphosate.	Slight	reduction	in	yield	was	observed	from	the	2	and	4	L/ha	treatments	(Figure	









the	 underground	 root	 network	 of	 rhizomes,	 twitch	 is	 known	 for	 being	 persistent	 and	
difficult	 to	 remove.	 	 Glyphosate	 is	 typically	 recommended	 as	 a	 suitable	 herbicide	 for	
eliminating	twitch	as	 it	 is	a	 translocatable	herbicide,	and	 is	 therefore	able	 to	 target	 the	
plant	 from	 the	 roots	 (Espeby	 et	 al.,	 2014).	 However,	 glyphosate	 has	 only	 been	 proven	
efficient	at	removing	twitch	if	each	plant	has	produced	3-4	leaves	(Espeby	et	al.,	2014).	As	
Experiment	1	was	topped	prior	to	herbicide	application,	it	is	likely	that	the	twitch	sugars	
















Other	 plant	 species	 such	 as	 shepherds	 purse	 (Capsella	 bursa-pastoris)	 and	 bitter	 cress	
(Cardamine	hirsuta)	became	abundant	in	the	herbicide	treatment	plots	after	application.	
Shepherds	 purse	 can	 grow	 all	 year	 round,	 however	 is	most	 abundant	 in	winter	 due	 to	
reduced	 competition	 from	 other	 plant	 species.	 This	 was	 observed	 from	 Experiment	 1,	
whereby	 the	 winter	 dormancy	 of	 lucerne	 and	 inactivity	 from	 the	 other	 weed	 species	
suppressed	 by	 the	 herbicide	 application,	 which	 increased	 the	 abundance	 of	 shepherds	
purse.	Bitter	cress	does	not	germinate	under	competition	pressure	such	as	shading.	This	
may	 be	 why	 it	 was	 not	 observed	 in	 the	 control	 treatments	 for	 Experiment	 1.	 Several	






































in	 preparation	 for	 spring	 growth.	 Therefore,	 at	 the	 start	 of	 winter	 the	 rate	 of	 canopy	
expansion	 is	 reduced,	 as	 demonstrated	 from	 the	 GreenSeeker	 response	 of	 the	 control	
treatment	in	Experiment	2	(Figure	4.11).	The	later	date	of	herbage	removal	for	Experiment	
2,	combined	with	the	herbicide	application,	removed	the	competition	weeds	that	would	




















least	 significant	difference	 (lsd)	observed	 from	 the	EWRS	score	 (Figure	4.13),	 indicating	
high	variation	amoung	treatment	means.	Visual	observation	throughout	the	duration	of	
Experiment	2	observed	that	 the	EWRS	scores	 from	September	were	 from	new	ryegrass	
plants	 coming	 through,	 not	 from	 the	 failed	 elimination	 of	 the	 original	 plants	 at	 the	
beginning	of	the	experiment.	The	botanical	composition	(Figure	4.18)	supports	this	which	
showed	 decreased	 grass	 species	 yield	 from	 all	 herbicide	 treatments,	 with	 the	 most	
prominent	from	the	4	L/ha	treatment	with	only	16	kg	DM/ha	of	grass,	the	least	of	all	the	
treatments.	The	grass	yield	from	the	control	treatment	for	Experiment	2	was	not	as	high	








































should	 give	 sufficient	 results.	 The	 hard	 graze	 would	 remove	 any	 green	 leaf	 that	 the	














white	 clover	 EWRS	 scores	 returned	 to	 healthy	 plant	 classification	 by	 September,	 the	
abundance	 of	 the	 plant	was	 reduced.	 	 This	 observation	 could	 be	 due	 to	 the	 increased	
competition	presented	by	the	lucerne	in	spring,	reducing	the	light	available	to	the	white	
clover.	 This	would	 have	 slowed	 dry	matter	 yield	 increases	 of	 the	white	 clover	 in	 early	
spring,	as	the	lucerne	out-competes	the	white	clover	with	vertical	growth.		
The	most	effective	glyphosate	application	rate	for	Experiment	2	was	2	L/ha.	Optimal	weed	
suppression	 and	 lucerne	 growth	 were	 achieved	 from	 both	 2	 and	 4	 L/ha	 treatments,	







Experiment	 3	 had	 the	 least	 amount	 of	 time	 between	 herbage	 removal	 and	 glyphosate	
application,	 which	 decreased	 the	 likelihood	 of	 phytotoxicity	 effects	 on	 the	 resident	
lucerne.	The	calculated	thermal	time	for	Experiment	3	between	the	herbage	removal	and	
spray	date	was	2.55°C,	meaning	no	lucerne	regrowth	would	have	occurred	between	the	
removal	 of	 herbage	 and	 spray	 application.	 This	 was	 considerably	 lower	 than	 the	
accumulated	dry	matter	regrowth	of	the	previous	two	experiments	as	the	time	between	
topping	and	spraying	was	only	a	day.		However,	due	to	the	application	of	herbicide	in	late	
winter,	 the	 lucerne	 stand	 began	 spring	 growth	 after	 application,	 as	 observed	 from	 the	





















stands	 develop	 nodes	 through	 the	winter	 period	 and	 should	 be	 spelled	 until	 spring	 to	
ensure	nodes	are	not	removed	by	grazing.	It	seems	likely	that	the	late	July	application	date	



















L/ha	 treatments	 had	 the	 highest	 EWRS	 score	 of	 between	 7-9.0	 for	 all	 plant	 species,	
deeming	all	commercially	unacceptable.	By	mid-September	this	phytotoxicity	had	reduced	
in	the	lucerne	and	ryegrass,	where	it	plateaued	at	a	mean	EWRS	score	of	7.0	±	0.6	for	4	










was	 only	 2	 months.	 However,	 the	 more	 efficient	 response	 could	 also	 be	 due	 to	 the	
application	date	being	closer	to	spring.	As	mentioned	previously,	spring	is	the	best	time	to	
target	twitch	and	docks	as	they	are	actively	growing	(Abbas	et	al.,	2017).	Therefore,	the	











































Objective	 2	 of	 this	 research	 was	 to	 quantify	 the	 phytotoxicity	 effect	 of	 glyphosate	 on	
lucerne.	 Lucerne	 yield	 at	 the	 time	 of	 herbicide	 application	 and	 the	 timing	 of	 herbicide	
application	influenced	the	phytotoxic	effect	of	glyphosate	on	lucerne.	Experiment	1	had	an	
extended	 period	 of	 time	 between	 herbage	 removal	 and	 herbicide	 application	 which	
allowed	the	regrowth	of	approximately	3	new	leaves.	Consequently,	Experiment	1	had	the	
highest	EWRS	score	for	lucerne	of	all	the	experiments,	of	7.8	±	0.39,	which	reduced	total	
lucerne	 yield	 (Figure	 4.8).	 Therefore,	 no	 lucerne	 regrowth	 should	 be	 allowed	 before	
herbicide	 application.	 The	 timing	 of	 herbicide	 application,	 in	 relation	 to	 the	 seasonal	














L/ha	 treatments.	 The	 suppression	 of	 dock,	 twitch	 and	 white	 clover	 was	 temporary	
however.	 The	 efficacy	 of	 the	 glyphosate	 on	 the	 target	 perennial	 weed	 species	 in	 this	
experiment	 was	 influenced	 by	 the	 timing	 of	 herbicide	 application	 in	 relation	 to	 the	




to	 utilise	 glyphosate	 was	 evaluated,	 which	 involved	 financial	 justification	 and	 practical	
analysis	 of	 the	 herbicide	 application	 from	 each	 experiment.	 Financially,	 glyphosate	





















Synergy	Glyphosate	360		 2.0	L/ha	 5.73	 200	L	 11.50	
Paraquat	 2.0	L/ha	 9.40	 250	L	 18.80	













post	herbicide	 application	 contributed	minimal	dry	matter	 yield.	Due	 to	 the	age	of	 the	






for	silage	or	baleage,	 then	the	purity	of	 the	stand	 is	vital	and	all	weed	species	must	be	




(Figure	 4.8).	 Excluding	 the	 broadleaf	 weed	 proportion	 of	 the	 stands	 yield,	 as	 livestock	
63	
	
consumption	 is	 unlikely,	 this	 provides	 2,082	 kg	 DM/ha	 of	 feed	 suitable	 for	 grazing.	 In	
comparison,	the	2	L/ha	treatment	(Figure	4.8)	had	a	grass	yield	of	40	kg	DM/ha	and	the	
lucerne	provided	676	kg	DM/ha,	giving	a	total	716	kg	DM/ha	of	stock	feed.	Lucerne	yield	










the	 lucerne	 stand	 thins	out	due	 to	age	and	grazing	 selection	pressure	 (Box,	2014).	 The	
ryegrass	yield	would	also	likely	increase	further.	In	the	case	of	Experiment	1,	if	a	farmer	did	
choose	 to	 leave	 the	 stand	as	 the	 control	 treatment	 indicated,	 the	 following	winter	 the	





the	 concentration	 of	 toxin,	 and	 therefore	 in	 this	 example	 the	 chance	 of	 germination	
inhibition	is	high.	Another	option	would	be	to	start	again	with	a	new	lucerne	stand.	This	
would	guarantee	a	greater	strike	rate	than	the	first	option.			









the	 age	 of	 the	 lucerne	 stand	 where	 the	 Experiments	 took	 place,	 the	 consideration	 of	
subsequent	years	is	unlikely	due	to	the	declining	quality	of	the	stand.	Due	to	the	increased	
proportion	 of	 bare	 ground	 exposed	 from	 the	 application	 of	 glyphosate,	 spring	 annuals	
invaded	the	stand	in	early	September.	To	target	weed	species	such	as	these,	atrazine	could	
be	applied	in	conjunction	with	the	glyphosate.	This	could	eliminate	the	spring	competition	




results	 were	 also	 achieved	 by	Moot	 et	 al.,	 (2003)	 and	Mills	 et	 al.,	 (2008)	who	 applied	
mixtures	of	paraquat	and	atrazine.	The	lucerne	stands	in	these	sources	were	3	and	5	years	
old	respectively.	Although	 lucerne	yield	 increases	were	not	observed	from	any	of	 these	
three	experiments,	this	could	be	due	to	the	age	of	the	stand.	Potential	increases	in	lucerne	
yield	could	be	achieved	from	glyphosate	and	atrazine	if	applied	to	a	younger	stand.		
Experiment	 3	 was	 applied	 too	 late	 in	 winter	 that	 herbage	 regrowth	was	 not	 achieved	
before	optimal	grazing	time	in	spring.	Glyphosate	delayed	lucerne	bud	regrowth,	meaning	
lucerne	 regrowth	was	 not	 optimal	 by	 the	 start	 of	 spring,	 observed	 from	Plate	 4.	 For	 a	
Canterbury	lucerne	crop,	peak	feed	demand	must	match	ewe	and	lamb	demand	in	early	
spring,	when	lambs	are	at	foot	in	early	September.	Given	the	more	prominent	effects	of	
global	 warming,	 and	 the	 increasing	 weather	 variability,	 this	 is	 now	 becoming	 earlier	
(SOURCE).	If	a	farmer	was	left	with	a	lucerne	stand	in	late	July	that	had	been	invaded	with	
perennial	weeds	such	as	Experiment	3,	the	application	of	glyphosate	may	not	be	justifiable.	
While	 the	 glyphosate	was	 successful	 at	 reducing	 the	weed	 content	 under	 all	 herbicide	
treatments,	the	justification	of	application	is	questioned	by	the	consequential	reduction	in	
lucerne	 yield	 also.	 In	 the	 case	 of	 Experiment	 3	 (Figure	 4.26),	 all	 herbicide	 treatments	
reduced	the	total	lucerne	yield,	with	the	4	L/ha	treatment	producing	a	lucerne	yield	of	77	











3.	 Successful	 suppression	 of	 perennial	 weed	 species	 such	 as	 dandelion	 and	 ryegrass	 is	
achievable	in	an	aged	lucerne	stand	with	higher	application	rates	of	glyphosate	(2	and	4	L	






























































































































































































































Appendix	 	 4	 Picture	 of	 Experiment	 1,	 facing	 East	 towards	 the	 Field	 Research	 Centre,	
indicating	 the	 shading	 effect	 the	 trees	 along	 the	 fence	 line	 had	 on	 the	
experiment	plots.	Picture	was	taken	the	6
th
	of	May,	2019.		
	
	
	
